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Sound is usually generated in a medium by an electromechanical vibrating structure. The geomet-
rical size and inertia of the structure set the frequency cutoff in the sound-transduction mechanism
and, often, different vibrating structures are necessary to cover the whole range from infrasound
to ultrasound. An alternative mechanism without any physical movement of the emitter is the
thermoacoustic effect, where sound is produced by Joule heating in a conductive material. Here
we show that a single thermoacoustic transducer based on a graphene aerogel can emit ultrabroad-
band sound from infrasound (1 Hz) to ultrasound (20 MHz), with no harmonic distortion. Since
conventional acoustic transducers are frequency band limited due to their transduction mechanism,
ultrabroadband graphene aerogels may offer a valid alternative to conventional hi-fi loudspeakers,
and infrasound and ultrasound transducers.
I. INTRODUCTION
Modern wireless communication is based on transmit-
ting and receiving electromagnetic waves that span a
wide frequency range, from hertz to terahertz, provid-
ing a large spectral interval for high data transfer rates.
There are drawbacks in electromagnetic communication,
though, including high extinction coefficient for electri-
cally conductive materials and the large size of antennas
[1].
However, animals have effectively used acoustic waves
for short-range communication for millions of years [2].
Acoustic wave-based communication, although embody-
ing a reduced spectral band due to the geometrical size
and inertia of the vibrating structure that set the fre-
quency cut-off in the sound transduction mechanism
[3], can overcome some of the difficulties in electromag-
netic wave-based communication and complement exist-
ing wireless technologies. For example, acoustic waves
propagate well in conductive materials, thus have been
explored for underwater communication (SONAR) [4].
Animals, such as rodents, bats, and cetaceans, are known
to communicate and move (eco-localization) effectively
by ultrasound waves (20-300 kHz) [2]. In land-based
acoustic wave communication, the audible band (20 Hz-
20 kHz) [3] is often occupied by human conversations and
acoustic loudspeakers, whereas the infrasonic band (< 20
Hz) can be disturbed by moving vehicles and building
construction [5]. Although infrasonic waves are usually
annoying for humans and animals, brain waves (1-600
Hz) take place in this spectral band [6]. Despite hav-
ing a wide frequency range and often free of disturbance,
the ultrasonic band is rarely exploited for high data rate
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communication purposes. One possible reason for this
is the lack of wide bandwidth ultrasonic emitters and
receivers. Conventional ultrasound transducers [7] ex-
ploit the piezoelectric effect, thus they only operate near
their resonance frequencies due to their membrane vibra-
tions. Another typical issue for acoustic transducers is
the frequency-dependent impedance of the materials em-
ployed, which contributes to limit their spectral band[3].
As a result, there is no broadband acoustic transducer
to date that covers from infrasound to ultrasound, pre-
venting the broadband or multiband transmission and
detection of signals for communications.
An alternative mechanism for sound transduction is
the thermoacoustic (TA) effect[2, 8–22], whereas sound
is emitted without moving part by Joule heating when
an electric current flows in a conductive material. The
root-mean-square sound pressure amplitude prms of a TA
wave can be derived by a general analytical solution of
the TA model [23, 24], as follow
prms =
Rvgq0√
2r0Cp,gTg
eg
M(f)es + eg
D(θ, φ), (1)
where R = Sf/vg is the Rayleigh factor with S the emit-
ting surface area of the material, f the sound frequency,
and vg the speed of sound in the medium, q0 = Q0/S
is the oscillating power density at frequency f dissipated
by the material with Q0 = |Vt|2/|Z| the amplitude of
the oscillating component of the electric power, being
V (t) = V0 sin (2pift) the applied AC voltage and Z the
material electrical impedance, r0 is the far-field distance
from the sound source, ei =
√
kiρiCp,i is the thermal
effusivity of the material (i = s) and the medium (i = g)
with ki the thermal conductivity, ρi the mass density,
and Cp,i the specific heat capacity at constant pressure,
Tg is the medium temperature, M(f) ≈ 1 is a frequency-
dependent factor, and D(θ, φ) is the far-field directivity.
From the above equation is evident that the TA effect is
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2not limited in frequency, potentially enabling broadband
TA transducers.
Here, we introduce a transducer based on a graphene
aerogel able to generate ultrabroadband sound from 1
Hz up to 20 MHz by TA effect. The sound emitted has
no observable harmonic distortion in the whole range of
frequency investigated and the aerogels act as an omni-
directional point source up to 20 kHz. Furthermore, we
demonstrate that, among the other TA transducers [13],
graphene has the advantage to have a constant electrical
impedance from DC up to the MHz range, allowing no
frequency cut-off or specific resonances, unlike in conven-
tional acoustic transducers [3]. The present research rep-
resents a breakthrough for audio consumer technologies,
underwater communication [4], transducers for zoological
[2] and biomimetic [25] applications, devices for medical
diagnostics [26] and food quality control [27].
II. EXPERIMENTAL
A. Graphene aerogel fabrication
The aerogels were obtained by a graphene oxide dis-
persion (60 mL, 4-9 mg/mL) and 7 mL of Tween 80 (150
mg/mL) ethanol solution mixed at 2500 rpm for 5 min.
The mixture was exposed to liquid nitrogen for 30 min.
After freeze-drying for 72 h, the mixture was heated at
300◦C for 2 h in an Ar atmosphere.
The graphene aerogels have a cylindrical shape with
a diameter d = 4 cm, a thickness L = 6.5 cm, and a
mass m = 500 mg, therefore a mass density ρs = 6
kg/m3. From the scanning electron microscopy (SEM)
micrograph of a representative sample in Figure 1a, it is
possible to observe a porous (≈ 80%) random network
made of graphene flakes constituting the aerogel surface.
B. Acoustic characterization
The experimental setup was placed in a sound-proof
room (3 × 2 × 2 m) in order to acoustically insulate the
experimental apparatus from environmental noise and to
reduce internal sound reflections. The audio signal flow
was calibrated in an anechoic chamber at the National
Institute for Insurance against Accidents at Work (IN-
AIL).
We measured the acoustic emission of graphene aero-
gels both in air and water, in order to avoid the ultra-
sound (f > 20 kHz) absorption by air. The scheme of
the experimental setups in air and water is reported in
Figure 1 (b, c) respectively.
For infrasound and acoustic measurements, a sine
wave voltage signal at frequency 1 Hz-20 kHz was gen-
erated by Room EQ Wizard (REW) PC software con-
nected to RME Fireface UFX sound card. The AC volt-
age is applied in series to a DC bias at the electrodes con-
nected to the graphene aerogel and the generated sound
FIG. 1. Graphene aerogel TA transducers. a, Representa-
tive SEM micrograph of a graphene aerogel. b, Conceptual
scheme of the experiment in air. An AC voltage is applied at
a graphene aerogel sample. The sound emitted by the aerogel
is recorded by a microphone connected to a sound card. c,
Conceptual scheme of the experiment in liquid. An AC volt-
age is applied at a sample placed in a beaker filled with water.
The sound emitted by the aerogel is detected by a needle hy-
drophone immersed in water and placed at a given angle with
respect the sound emitting surface of the aerogel. The hy-
drophone is pre-amplified and connected to a DC coupler and
an oscilloscope.
at frequency 1 Hz-20 kHz was acquired by a calibrated
microphone (Earthworks M50) connected to the sound
card and placed in front of the sample at a fixed distance
of r0 = 1 cm for near-field measurements and r0 = 1
3FIG. 2. a, Thermal profile image of the heated sample base surface. b, Thermal profile image of the heated sample lateral
surface. c, Temperature rise as a function of time on axis of the graphene aerogel. Data is fit by Equation 2 (red solid line).
d, Radial thermal profile of the graphene aerogel illuminated surface as a function of the relative coordinate. Data is fit by
Equation 3 (red solid line). e, Temperature rise as a function of time, at distance L from the graphene aerogel heated surface.
Data is fit by Equation 4 (red solid line).
m for far-field measurements. Gated measurements [5]
were carried out in order to record the sample sound
frequency response without any sound reflections, as in
anechoic chamber.
For ultrasound measurements, a liquid medium (deion-
ized water 18 MΩcm) was employed in order to avoid ul-
trasound absorption by air. A sine wave voltage signal
at frequency 20 kHz-20 MHz was generated by a GFG-
8210 function generator. The AC voltage was applied in
series to a DC voltage at the electrodes connected to the
graphene aerogel immersed in a beaker filled with water
and the generated sound at frequency 20 kHz-20 MHz
was acquired by a calibrated 0.2 mm needle hydrophone
(Precision Acoustics) connected to a pre-amplifier, a DC
coupler, and an oscilloscope. Since graphene aerogels are
superhydrophobic [28], the samples do not absorb the
water when immersed, therefore their mass density does
not increase.
Directivity patterns were measured by a goniometric
stage with the sample fixed in the center and the micro-
phone rotating around the sample.
The sample dynamic range acquired as a function of
the sound frequency, was divided by the background
noise of the room and smoothed at 1/3 per octave. There-
fore, here the SPL corresponds to the signal-to-noise ra-
tio.
III. THERMAL CHARACTERIZATION
The graphene aerogel thermal properties were inves-
tigated by a Fluke Ti20 thermal camera [Figure 2 (a,
b)]. A sine wave voltage signal V (t) = V0 sin (2pift)
with peak amplitude V0 = 1 V, frequency f = 1 kHz,
and power Q = V 2(t)/Z ≡ V 20 [1 + cos (4pift)]/2Z, be-
ing Z = 380 Ω the modulus of the electrical impedance
of the graphene aerogel, was generated by a GFG-8210
function generator. The AC voltage was applied in se-
ries to a VDC = 20V0 DC bias at the electrodes con-
nected to the graphene aerogel. In this way, the first har-
monic sound generation is recovered by heterodyning [22]
with an intensity 80 times higher than the second har-
monic, which means a total harmonic distortion [5] about
1%. However, we could not observe such a small har-
4monic distortion. Therefore, the power reads Q ≡ [(V 20 +
2V 2DC) + 4V0VDC cos (2pift) + V
2
0 cos (4pift)]/2Z = 1 W.
It is worth noting that in the thermoacoustic effect only
the oscillating component Q0 = [4V0VDC cos (2pift) +
V 20 cos (4pift)]/2Z of the electrical heat Q contributes to
the sound pressure generation.
Heat is provided to the graphene aerogel by Joule ef-
fect, by two electrodes placed at the lateral surface of
the cylindrical sample. At first approximation, heat is
dissipated into the aerogel by conduction and in the
environment by natural convection and radiation. In
particular, by solving the Fourier law of heat in cylin-
drical coordinates, we obtained that in the cylindrical
sample the heat dissipated by conduction is Qcond =
4piLks
(
1− r′2/r2)−1 (T (r′)− Ts), with ks the aerogel
thermal conductivity, T (r′) the radial temperature in
the sample with radius r = 2 cm and Ts the temperature
on the sample surface. At the aerogel surface the heat
dissipated by radiation equals the heat dissipated by con-
vection Qrad = Qconv, where Qrad = σS(T
4
s −T 4g ), with
 = 0.99 the aerogel emissivity, σ = 5.67 · 10−8 W/m2K4
the Stefan-Boltzmann constant, S = 81.6 cm2 the aerogel
lateral surface, and Tg the temperature of the medium;
and Qcov = hS(Ts − Tg), with h the natural convec-
tion coefficient. Therefore, h = σ(T 4s − T 4g )/ (Ts − Tg),
which we estimated for air h ≈ 6 W/m2K, while for wa-
ter h ≈ 200 W/m2K [29].
The heat-up phase was recorded in order to obtain the
heat capacity Cs of the samples (Figure 2c). Since the
Debye temperature of carbon allotropes is ΘD ≈ 2100
K [30], the heat capacity is not stationary in the range
of temperature considered. Therefore, since the steady
state is the one that contributes to the sound genera-
tion, we took into account the value of heat capacity
Cs = 10
−1 ± 10−2 J/K obtained by fitting data by the
law
T (t) = TMAX + (TMIN − TMAX)Exp [(t0 − t) /τ ] (2)
where τ = Cs(TMAX − TMIN )/Q, t0 is the initial time
and TMAX,MIN the sample maximum and minimum tem-
perature measured, respectively.
Thermal conductivity ks of the samples was derived by
a thermal profile image of the heated sample base surface
at the steady state (Figure 2d), by fitting data with the
expression
T (r′) =
Q
4piLks
(
1− r
′2
r2
)
+ Ts, (3)
The fit returned ks = 10
−1 ± 10−2 W/mK.
Furthermore, since the Biot number Bi ≡ hV/(Sks) =
0.6 > 0.1, with V = 81.6 cm3 the aerogel volume, it
suggests a non-negligible internal thermal resistance of
the graphene aerogel.
Thermal diffusivity αs of the samples was studied by
heating the samples on the base surface and recording the
heat-up phase at the orthogonal lateral surface (Figure
2e). Data were fit by the law [31]
T (t) = TMAX
[
1 + 2
∞∑
n=1
(−1)nExp
(−n2pi2αst
L2
)]
,
(4)
and we obtained αs = 10
−4 ± 10−5 m2/s.
Therefore, the minimum effusivity achieved for the
samples is es ≡
√
ksρsCp,s = 10.95 ± 0.03 Ws1/2/m2K,
which is larger than the value reported for air (6
Ws1/2/m2K)[29] but is lower than the value reported for
water (1588 Ws1/2/m2K)[29].
A. Electrical characterization
Current-voltage curves (Figure 3a) were measured by
a Keithley 2612b digital sourcemeter unit. Impedance
measurements (Figure 3b) were carried out by an Agilent
HP4192A impedance analyzer.
FIG. 3. a, Electrical current as a function of applied voltage
to a graphene aerogel. b, Modulus and phase of the electrical
impedance a graphene aerogel as a function of frequency.
5FIG. 4. Thermoacoustic effect in graphene aerogels. a, Unweighted SPL frequency response at 1 W/1 m for a graphene aerogel
(red solid dots). The black solid curve represents the limiting analytical TA model with no free parameters. b, Unweighted TA
efficiency frequency response at 1 W/1 m for the aerogel (red solid dots). The black solid curve represents the TA model. c,
Sound pressure in air at 20 kHz/1 W as a function of the distance from the graphene aerogel sound-emitting surface in log-log
scale (red solid dots). The black curve represents the TA model prms ∝ R/r0, which accounts for the far-field regime. The
boundary between the near-field and the far-field regime is set by the Rayleigh criterion for r0/R = 1. d, Sound pressure in
air at 20 kHz/1 m as a function of the electrical power amplitude (red solid dots). The black curve represents the TA model
prms ∝ Q0 in the linear regime.
IV. RESULTS AND DISCUSSION
In Figure 4a, the frequency response of the sound pres-
sure level [5] (SPL) Lp = 20 log10 (prms/p0), with p0 = 20
µPa the RMS pressure of the minimum audible threshold,
at the input power of 1 W and rescaled at 1 m distance
from the source in air and water, according to the Audio
Engineering Society standard for acoustic measurements
(AES02-1984-r2003), for a graphene aerogels with mass
density ρs = 6.55 ± 0.01 is shown. It is worth noting
that the SPL curves measured in air and water overlap
each other, as the product of the specific heat and the
effusivity term is similar for the two media. Further-
more, below 200 Hz, where the modal resonances due
to the finite size of the sound-proof room decrease the
signal-to-noise ratio, experimental data depart from the
TA analytical model with no free parameters in Equa-
tion 1. Also, unlike conventional acoustic transducers[3],
the SPL frequency response of graphene aerogels is not
dependent on the electrical impedance of the load as the
latter is constant up to the range of frequency investi-
gated (see Experimental section). Moreover, owing to
the far-field directivity D(θ, φ) ∝ f−1 in the ultrasound
range, the SPL saturates above 20 kHz at about 60 dB,
corresponding to a sensitivity [5] (i.e., the SPL relative to
the maximum audible threshold of 120 dB) of -60 dB that
6is well above the minimum audible threshold (-120 dB)
[5], and it is the highest value reported for any TA devices
in the ultrasound range [2, 32]. For instance, at 20 kHz/1
W/1 cm or 20 kHz/1 kW/1 m the sensitivity is 0 dB. The
graphene aerogel sensitivity may be increased further by
increasing its surface area. In this way, the sound emit-
ted by every point on the aerogel heated surface by Joule
effect coherently add up to increase the SPL. By compar-
ison, commercial earphones have a similar sensitivity in
air as graphene aerogels at 1 W/1 m/1 kHz, due to their
similar surface area [10]. On the other hand, graphene
aerogels act as a highly damped transducer in the ultra-
sound range [7]. Therefore, graphene aerogels could be
successfully used as TA broadband transducers.
According to the TA model[24], the TA efficiency (i.e.,
the ratio between the output acoustic power Pac and in-
put electrical power Q0) reads
η =
I
Q0
r20
∫ 2pi
0
∫ pi/2
0
D2(θ, φ) sin θdθdφ, (5)
where I = p2rms/ρgvg is the sound intensity, with ρg
the mass density the medium. In Figure 4b, the TA
efficiency at 1 W/1 m measured in air and water for
the graphene aerogel along the theoretical curves are re-
ported. The TA efficiency saturates in the ultrasound
range at about 10−7 in air and 10−9 in water due to
the directivity integral that is proportional to f−2. On
the other hand, the thermodynamic efficiency of the TA
process η′ ≡ 1 − Tc/Th = 30% is given by a Carnot cy-
cle [13, 23] between two heat reservoirs of temperature
Tc = 298 K and Th = 430 K. Evidently 70% of the heat
provided to the aerogel is lost in the environment (20%
radiatively, 20% convectively, and 30% owing to the sam-
ple internal thermal resistance Ri ≡ 1/hiS = 433 K/W)
without generation of sound.
In Figure 4c, we show that the experimental sound
pressure at 20 kHz/1 W departs from the far-field TA
model for r0/R < 1, in agreement with the Rayleigh cri-
terion that defines the boundary between near-field and
far-field [33]. In addition, Figure 4d illustrates that for
values of electrical power Q0 > 1.5 W the experimen-
tal sound pressure at 20 kHz/1 m departs from the lin-
ear TA model, partially due to the air nonlinear thermal
conductivity kg ∝
√
T [13] and the graphene aerogel non-
linear specific heat below the value of Debye temperature
ΘD ≈ 2100 K for carbon allotropes [30] (see Experimen-
tal section).
Furthermore, in Figure 5 we confirmed that by het-
erodyning only the sound pressure of the first harmonic is
linearly dependent on VDC , at low power. The nonlinear
behavior observed at higher power is due to the nonlin-
ear specific heat of the graphene aerogel. Therefore, it
is possible to amplify the SPL of a graphene aerogel by
applying a small DC voltage in series to the AC voltage
applied to the sample.
In Figure 6 (a, b), the frequency response of the input
(electrical) and output (sound) signals are respectively
reported in the infrasound (10 Hz), audible (10 kHz), and
FIG. 5. Sound pressure recorded in air at 1 m distance as a
function of DC voltage VDC applied to the sample with the
AC voltage set to V0 = 9 V, for the first (1 kHz) and second
(2 kHz) harmonic generated by an input electrical signal of 1
kHz.
FIG. 6. Harmonic analysis of TA sound emission in graphene
aerogels. Fast Fourier Transform of the electrical input (a)
and sound output (b) signals at 10 Hz, 10 kHz, and 10 MHz.
The input and output signals are undistorted from the infra-
sound to the audible, and up to ultrasound range investigated.
7FIG. 7. Thermoacoustic directivity in graphene aerogel trans-
ducers. Experimental sound pressure level at 20 kHz/1 W/1
m as a function of the angle in the azimuthal (a) and polar
(b) planes (red dots). The TA model is reported at 20 kHz
(red solid curve) and 1 MHz (blue solid curve). The direc-
tivity indexes [3] are DI(20 kHz)=11 dB and DI(1 MHz)=40
dB. c, Calculated sound pressure level in space at 1 MHz/1
W/1 m in the azimuthal plane by the TA model. The sound
pressure level is normalized to its maximum value.
ultrasound (10 MHz) range to evaluate the harmonic dis-
tortion of the sound generated by the graphene aerogel.
We noted no harmonic distortion in graphene aerogels
over the range investigated. It is worth noting that in our
experiments the first harmonic generation is obtained by
heterodyning [22], as a DC voltage is applied in series
to the AC voltage to the samples. By comparison, com-
mercial hi-fi loudspeakers and earphones typically have a
total harmonic distortion (THD) about 1% [10].
The theoretical and experimental directivity pattern
[3] of the sound emitted at 1 W/1 m from the graphene
aerogel are reported in the azimuthal (Figure 7a) and
polar planes (Figure 7b). The samples behave as an om-
nidirectional point source up to 20 kHz, beyond which
they present a multi-polar pattern, as shown for instance
at 1 MHz. Since there are no electro-mechanically mov-
ing parts in the emitter, the sound is equally generated
with no destructive interference from both the sides of
the illuminated spot of the aerogel [10], which acts as a
diaphragm of thermal thickness µ ≡√αs/pif = 0.1 µm-
1 mm, in the range of frequency studied. Hence, no bass
reflex technique [3] is needed in TA transducers. More-
over, Figure 7c depicts the SPL calculated in space at 1
MHz, in the azimuthal plane. Interestingly, the sound is
suppressed at given angles corresponding to the nodes in
the directivity pattern of Figure 7a.
V. CONCLUSIONS
Graphene aerogels can be effectively employed as
ultrabroadband TA transducers with omnidirectional
emission from 1 Hz to 20 kHz and with no harmonic
distortion from 1 Hz to 20 MHz, exploiting a single,
non-mechanically vibrating emitter. For instance, such
devices may be improved by using thicker graphene
aerogels with lower electrical impedance in order to
require lower voltage to operate.
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